Abstract Sediment variables total organic carbon (TOC), total nitrogen (TN), total sulfur (TS), as well as their accumulation rates and atomic ratios (C/N and C/S), were studied along with stable isotopes (d , and the core represents a provisional record of *100 years of sedimentation history. Bulk elemental records and their ratios indicate that sediment organic matter (OM) is derived primarily from algae. Inlake productivity increased sharply over the last two decades, consistent with paleoproductivity reconstructions from other lakes in the area. An up-core decrease in d
Introduction
Nainital is a popular hill resort in the Kumaon Himalayan region of northwestern India. Mountain lakes in the region are a major source of drinking water and also serve as important venues for recreational activities. These perennial lakes are home to a rich collection of avian and aquatic life forms, and many unique and rare plants grow in their catchments (Sharma et al. 1982; Chakrapani 2002) . As increasing numbers of tourists visit Nainital to escape the summer heat in the plains and enjoy the idyllic mountain setting, it stresses the limited resources in town, with respect to housing, transportation, food, and drinking water supply. This is evident from increasing levels of environmental pollutants in the atmosphere, surface water and aquifers, and soils in this region (Chakrapani 2002; Das 2005) . For example, lakes in the Kumaon region have undergone changes during the last few decades that have affected water quality, increasing heavy metal content and algal productivity (Chakrapani 2002; Das 2005; Choudhary et al. 2009a, b) . Remedial measures were undertaken by the local authorities (Kumar et al. 2007 ), but were largely restricted to Lake Nainital, located in the heart of the city. It is feared that other lakes in the region, for which there are virtually no background data, will undergo negative changes that will be difficult to reverse.
Lakes in mountainous terrains are considered extreme environments because they are small and sensitive ecosystems that experience rapid flushing rates (Vreča and Muri 2006) . These lakes respond quickly to natural or human-induced perturbations in their catchments. The effects of these perturbations are potentially recorded in sediments, which can be used for reconstructing past conditions over different timescales (Battarbee et al. 2002; Vreča and Muri 2006; Choudhary et al. 2009a, b) . Preservation of sediment organic matter (OM) in these lakes is usually high (Vreča and Muri 2006; Choudhary et al. 2009a, b) because of multiple processes, including high productivity, rapid sedimentation, and anoxic conditions on the lake bottom (Meyers 2003) . As a result, these organic-rich lacustrine sediments retain their original source signatures (e.g. C/N ratio, specific biomarkers), and thus reflect environmental conditions at the time of deposition.
There are many reviews on applications of elemental and stable isotopes in paleolimnology (Kaushal and Binford 1999; Meyers and Teranes 2001; Meyers 2003) . Total organic carbon (TOC) in lake sediments is a component of OM that escaped remineralization after deposition, and reflects depositional processes, OM sources, and long-term preservation issues. Likewise, total nitrogen (TN) and total sulfur (TS) have frequently been analyzed to understand post-depositional processes in lake sediments (Urban et al. 1999; Meyers and Teranes 2001) . The d
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C values of algae and C 4 plants are distinct, whereas there is little or no difference between carbon isotopic values of algae and terrestrial C 3 plants (Meyers 2003) . Stable C and N isotope values in lake sediments have also been used as indicators of aquatic productivity (Hodell and Schelske 1998; Brenner et al. 1999) .
Biomarkers are complex lipid molecules that are unambiguous indicators of OM sources. They are useful for reconstructing paleoenvironmental conditions with respect to past vegetation and climate change (Meyers 1997 (Meyers , 2003 . The hydrocarbon composition of most algae and photosynthetic bacteria is dominated by n-C 17 alkanes (Cranwell et al. 1987) . In contrast, vascular plants contain large proportions of n-C 27 , C 29 , and C 31 alkanes in their epicuticular waxy coatings (Cranwell et al. 1987; Rieley et al. 1991) . Ratios between n-alkane chains such as the Carbon Preference Index (CPI; Allan and Douglas 1977) , indicate predominance of odd over even n-alkanes, and specify terrestrial OM sources and maturity. Similarly, the Terrigenous Aquatic Ratio (TAR; Bourbonniere and Meyers 1996) quantifies in situ algal versus terrestrial OM. Pigments are specific indicators of phytoplankton diversity and can be used to estimate aquatic productivity or biomass (Leavitt 1993; Bianchi et al. 2002) . They have been used to identify siliceous algae and dinoflagellates (fucoxanthin), chlorophytes (lutein, pheophytin b), diatoms (diatoxanthin), dinoflagellates (peredinin), and cyanobacteria (echinenone, zeaxanthin).
Lake Bhimtal is one of the largest lakes in Nainital. In recent years, population has increased rapidly within the lake's catchment. As a consequence of rapid urbanization, and increased domestic and industrial wastewaters entering the lake from sewers and open drains, there has been pronounced deterioration in lake water quality (Chakrapani 2002; Das 2005) . Very little, however, is known about the different sources of OM input into the lake, or the effects of external nutrient inputs on primary productivity and phytoplankton composition. The present study applied geochemical measures (elemental ratios, stable isotopes, and biomarkers) in sediment OM to explore the recent environmental history of Lake Bhimtal. Understanding the past and ongoing biogeochemical processes in these mountain lakes, which result from anthropogenic activities and/or climate changes, is vital for implementing restoration methods and sustainable management practices. We also compare the paleoenvironmental history of Lake Bhimtal with other mountain lakes in the Kumaon region (Chakrapani 2002; Das 2005; Choudhary et al. 2009a Choudhary et al. , b, 2010 , and formulate general conclusions regarding the status of these vulnerable water bodies.
Study area
Lake Bhimtal (29°20 0 N, 79°36 0 E) is located at an altitude of 1,371 m above mean sea level in the Kumaon Hills (Fig. 1) . The lake is 1.8 km long, 0.4 km wide, and has a maximum depth of 26.5 m. The catchment area is 11.4 km 2 . The mean air temperature during summer is 28°C, whereas in winter the mean temperature can be as low as 14°C. The lake experiences monsoon rains during the months of July-September, and annual precipitation is 1,711 mm. Lake Bhimtal formed as a consequence of tectonic activity, resulting from the uplift of sediments in the Tibetan and Indo-Gangetic plains (Valdiya 1988) . The lake basin consists of metabasic rocks belonging to the Krol Formation, which is associated with quartzites, grits, conglomerates, phyllites, and metamorphic rocks.
Materials and methods
Sediment cores were collected from the deepest part of the lake in December 2004. A gravity corer was used to obtain two undisturbed sediment cores (BT1 and BT2), which were 55 mm in diameter and 35 and 38 cm in length, respectively (Fig. 1) . The cores consisted of grayish black, fine-grained non-bioturbated sediments. Each core was sectioned into 2-cm intervals in the field, and samples were packed in airtight zip-lock plastic bags and refrigerated. On freeze-drying, these samples yielded few grams of sediment (g dw -1 ) from each interval. Hence, radiometric dating and sulfur isotope analyses were performed on core BT2, whereas other geochemical variables were measured on core BT1 in order to have sufficient material for the assays. In both cores, losson-ignition (LOI) was measured (Heiri et al. 2001) , and sample reproducibility of duplicate runs was about ±3 %. Water content was determined in both cores by measuring the wet and dry sample weights.
Linear sedimentation rate (mm year -1 ) was estimated by 210 Pb activity (Appleby and Oldfield 1978) . The 210 Pb activity was obtained by measurement of 210 Po, assuming secular equilibrium between the two radionuclides. The procedure involved adding 209 Po as a tracer and leaching the sediment with aqua regia. Polonium nuclides ( 210 Po and 209 Po) were deposited on copper discs prior to alpha counting. The standard counting error was \10 % in the upper section of the core, but increased slightly in deeper sections. The downcore asymptote value of total 210 Pb activity was assumed to represent supported activity. Supported activity was subtracted from the total 210 Pb activity to derive unsupported, i.e. excess 210 Pb activity. Unsupported 210 Pb activity was multiplied by dry density at corresponding depths to correct for sediment compaction. The constant initial concentration (CIC) dating model was applied and its slope represents the mean sedimentation rate.
The TOC and TN isotopic compositions of freezedried, acid-treated samples (Hedges and Stern 1984) were analyzed using a Carlo Erba elemental analyzer coupled to a Finnigan MAT Delta Plus mass spectrometer. Data were reported in conventional delta (d) notation versus the Vienna PeeDee Belemnite standard (V-PDB) for C and versus atmospheric N 2 for N. Reproducibility of duplicate analyses was ±0.1 %. The precision for isotope analysis with respect to the standards was 0.18 % and 0.06 % for C and N, respectively. The S isotopes were measured in both the sulfate and sulfide fractions, and results were expressed in the conventional d
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S notation relative to the ViennaCanyon Diablo Troilite standard. Precision for S isotope analysis was ±0.2 % with respect to the standard.
For n-alkane analysis, approximately 1-2 g of freeze-dried sediment was extracted with a mixture of CH 2 Cl 2 and CH 3 OH (9:1 v/v), using a Dionex Accelerated Solvent Extractor 300, programmed for three extraction cycles at 1000 psi and 100°C. The extracts were reduced using a Büchii rotovapor and injected in splitless mode into an Agilent 6890 gas chromatograph equipped with a HP5-MS column (30 m 9 0.25 mm i.d. 90.25 lm film). The oven temperature was held at 35°C for 6 min, increased to 300°C at 5°C min -1 and held isothermal for 20 min. The chromatograph was interfaced with an Agilent 5973 mass spectrometer operated at 70 eV in full-scan mode (mass/charge 50-500 amu); external and internal standards (S-4066 from CHIRON, Norway and deuterated perylene from Cambridge Laboratory, USA) were used for quantification.
The n-alkane concentrations were used to calculate various ratios for characterizing the sedimentary OM.
1. Carbon Preference Index (CPI; Allan and Douglas 1977) :
2. Terrigenous Aquatic Ratio (TAR; Bourbonniere and Meyers 1996) :
Pigments were analyzed in two different ways after extracting them for 2 min by ultra-sonication in HPLC-grade acetone (2 ml g -1 sediment), and filtering (0.02 lm) the extracts. Rapid, simple colorimetric analysis (Dere et al. 1998 ) involved measuring absorbance in the sediment extracts at 470, 645, and 662 nm for chlorophyll and carotene. The concentrations of chlorophyll a and b (Chl a and Chl b) and total carotenoids were estimated according to Lichtenthaler and Wellburn (1985) Typical precision of duplicate runs for the colorimetric method was B4 %. The second method involved the HPLC technique, which has better precision and reproducibility (Bianchi et al. 2002) . Extracts were injected into a HPLC consisting of a Waters 2690 separation module coupled to a Waters 996 photodiode array UV/VIS detector, set at 450 nm; the injector was connected via a guard column to a RP-18 LiChroCART column (5 lm particle size, 250 mm 9 4.6 mm i.d.). Typical precision of duplicate runs was B2.7 %.
Results

Sedimentation rate Total 210
Pb activity was plotted versus cumulative mass depth (Fig. 2) . The curve showed a steady decline in activity from a maximum of 207 mBq g -1 in surface sediments to 56 mBq g -1 at 21 cm depth. Below 21 cm, 210 Pb activity was constant and assumed to represent supported activity. The mean linear sedimentation rate was calculated as 3.6 mm year -1
, and based on this, the provisional age of the core was calculated as *102 years (Fig. 2) . The constant accumulation rate for the datable part of the core in Lake Bhimtal was 109 mg cm -2 year -1
.
Elemental concentration and stable isotope trends
The TOC accumulation rate increased steadily up-core and values ranged between 9 and 35 g m -2 year -1
; the minimum TOC accumulation rate occurred between 35 and 31 cm depth (Fig. 3) . The total N accumulation rates were between 1.1 and 4.1 g m -2 year -1
, with the higher accumulation rates occurring in younger sediments (5-1 cm). The total S accumulation rates in the core were relatively high (up to 7.2 g m -2 year ). The atomic C/N ratio in sediments ranged between 8.6 and 11. The C/S at ratio varied between 6.7 and 49 (Fig. 3) .
The sulfate reduction index (SRI) was estimated to understand the diagenetic status of OM. This was calculated using the empirical relationship proposed by Lallier-Vergès et al. (1993) :
The initial organic carbon content was determined as the total preserved and oxidized OM in sediments. Organic matter degradation (TOC degr ) via sulfate reduction was estimated by using the empirical relationship proposed by Vetõ et al. (1994) :
where S is the total reduced S in sediment; 0.75 is the factor derived to convert reduced S into OM lost due to sulfate reduction based on atomic weights of C and S and stoichiometry in Eq. 8. The value 1.33 corresponds to the assumed 25 % diffusional loss of reduced S (mainly as H 2 S):
SRI in Bhimtal sediments varied between 0.94 and 1.3; the values were nearly constant (*1.1) throughout the core (Fig. 4) .
The d 13 C values in OM ranged from -24.6 to -29.9 %; the lower values occurred in surface sediments ( 
Biomarker trends
The n-alkane concentrations in sediments were normalized with respect to TOC in order to express the enrichment or depletion relative to bulk OC. Total n-alkane concentrations varied from 1.7 to 3.7 lg mg -1 of TOC, and showed an increase in concentration towards the top of the core (Fig. 6 ). The concentration of low odd numbered n-alkanes (n-C 15 , C 17 and C 19 ) maintained nearly constant values (0.55 lg mg -1 of TOC) up to 11 cm, after which their concentrations increased in surface sediments and were between 0.64 and 0.91 lg mg -1 of TOC. CPI fluctuated between 1.6 and 4.9 and the average value was 3.7. The TAR values were low and varied between 0.14 and 2.4; TAR decreased above 11 cm and showed an erratic profile.
The total pigment concentration was between 2.7 and 16 mmol g -1 of TOC. Amongst the different pigments, zeaxanthin had higher concentrations and showed values between 1.0 and 6.7 mmol g -1 of TOC (Fig. 7) . b,b-carotene was absent from the bottom of the core up to 25 cm, but above this depth b,bcarotene was between 1.6 and 0.53 mmol g -1 of TOC.
Ln ( Pb and mass accumulation rate in Lake Bhimtal (core BT2). Dates were calculated using the CIC model and represent provisional ages J Paleolimnol (2013) 49:129-143 133 Echinenone was absent in the 35-33 and 19-13 cm intervals in the core, whereas high (5.7-7.4 mmol g -1 of TOC) concentrations occurred in surface sediments (7-1 cm). Lutein was abundant in the deeper sediments (33-31 cm) and ranged between 0.45 and 0.80 mmol g -1 of TOC, but was absent in surface sediments. Chl a and b concentrations varied from 0.05 to 1.3 mmol g -1 of TOC and 0.08 to 0.80 mmol g -1 of TOC, respectively. Chl a concentration was high (1.3 mmol g -1 of TOC) in surface sediments (7-1 cm), whereas Chl b indicated high values (0.80 mmol g -1 of TOC) at 29 cm depth. b,b-carotene was absent in bottom sediments (35-25 cm) and therefore, the ratios Chl a/b,b- Fig. 3 LOI, total organic carbon (TOC), total nitrogen, total sulfur, sulfate and sulfide, C/N (atomic), C/S (atomic), and paleoproductivity in Lake Bhimtal sediments carotene and zeaxanthin/b,b-carotene were not plotted for depths below 25 cm. These ratios however showed a steady up-core increase. Chl a/b,b-carotene increased to 2.6 towards the middle of the core, and zeaxanthin/b,b-carotene reached 11 at 7 cm depth. The ratio of echinenone/zeaxanthin varied between 0.04 and 1.2. Paleoproductivity Paleoproductivity (PP; g C m -2 year -1 ) was calculated using the equation proposed by Müller and Suess (1979) , which has been applied in different lake systems (Ishiwatari et al. 2005; Das et al. 2009; Routh et al. 2009 ), including the Kumaon lakes (Choudhary et al. 2009a, b) :
where D is dry bulk density (g cm -3 ) and S is sedimentation rate (cm kyr -1 ). Paleoproductivity measured in these sediments varied significantly during the last century (Fig. 3 ). Higher PP rates (540-750 g C m -2 year -1 ; 5-1 cm) were measured in surface sediments, whereas relatively low (110-260 g C m -2 year -1
) PP rates were observed in bottom sediments. Paleoproductivity was also estimated using the concentration of specific algal-derived n-alkanes ( P n-C 15,17,19 alkanes; Ishiwatari et al. 2005) , which were converted into % with respect to TOC before calculation. The highest value of algal-derived PP (14-21 g C m -2 year -1 ) occurred in surface sediments (7-1 cm); PP values were lower (4-11 g C m
) in deeper sediments (35-27 cm). Because these n-alkanes are diagnostic for algae and in situ primary productivity, they are probably more representative of changes within the lake rather than the TOC-based PP assessment. Nonetheless, both variables indicate similar trends in PP in the lake.
Discussion
Organic matter delivery has varied over the last 100? years of depositional history preserved in the sediment cores retrieved from Lake Bhimtal. The observed changes are probably a consequence of anthropogenic activities that have markedly increased along with urban development in the catchment. We infer the changes in sedimentary OM characteristics in Lake Bhimtal using multiple geochemical variables that are further discussed below.
Sediment chronology
The Bhimtal cores (BT1 and BT2) were retrieved within 1 m of one another during sampling in 2004, and they possess similar color, texture, and porosity (data not shown). LOI measurements in these nonbioturbated cores are comparable (Fig. 3) . Moreover, the sediments are fine-grained and the cores do not show abrupt changes in lithology, which would affect accumulation or sorption of radiogenic isotopes. Therefore, extrapolating the ages from core BT2 to BT1, in which most of the geochemical variables were measured, while not ideal, is considered acceptable.
We applied the CIC model to the 210 Pb data to calculate ages because: (1) 210 Pb activity displays a semi-logarithmic trend characterized by a monotonic decline until a depth at which unchanging 210 Pb concentration is reached, and (2) the plot of natural logarithm of excess 210 Pb versus cumulative mass is linear (Fig. 2) . However, absence of alternative data for establishing the age/depth relations, e.g. 137 Cs or 239, 240, 241 Pu, and the young age estimated at the supported-unsupported 210 Pb boundary, raise questions about the chronology. Appleby (2001) indicated that low 210 Pb activity can result from poor retention of atmospheric 210 Pb as a consequence of local environmental conditions. Moreover, if surface sediments display low 210 Pb activity, values may be very low and hard to measure after only two half-lives (44.6 years), making it difficult to determine the age of older deposits. This phenomenon has been reported in other sediment archives too. For example, Roux and Marshall (2010) indicated that low surface activity in peats resulted in young ages at the supported-unsupported 210 Pb boundary. In sediments with low organic matter content, 210 Pb activity in surface sediments may be low because of dilution by rapidly accumulating inorganic matter (Appleby 2001 ).
The CIC model was applied in previous studies to estimate sediment ages in Lake Bhimtal (Das et al. 1994; Kumar et al. 2007 ). Das et al. (1994) reported a sedimentation rate of 4.7 mm year -1 , which is somewhat higher than the present study. The exact location of the core was not indicated, and sampling resolution in the core was low. Kumar et al. (2007) reported that sedimentation rate in Lake Bhimtal varied from 3.8 ± 0.3 to 9.5 ± 0.4 mm year -1 . The authors reported higher sedimentation rate near the fringes of the lake due to frequent landslides. In contrast, deeper parts of the lake experience lower sedimentation rates, and their results are similar to our study. Moreover, historical changes associated with rapid urbanization in the catchment coincide with the CIC-derived ages for changes in the core (see below). Despite this evidence, we consider the age-depth relations to be provisional and refer to ages as 'model dates.'
Organic matter sources
The multiple geochemical variables investigated in this study indicate the different OM sources in Lake Bhimtal. The C/N at ratio between 9.4 and 11 indicates a dominant algal component in these sediments. Algal-derived OM generally shows d (Meyers 1997 (Meyers , 2003 . Together with other geochemical variables, however, the d 13 C values can be useful in tracking OM sources and ongoing biogeochemical processes in lakes (Routh et al. 2004 Choudhary et al. 2009a ). In contrast, d The abundance of short-chain n-alkanes ( P n-C 15,17,19 ) indicates dominance of an algalderived contribution to the lacustrine OM pool in these sediments (Cranwell et al. 1987; Rieley et al. 1991) . Likewise, TAR, which is a measure of the ratio between terrestrial and aquatic inputs of OM, is low (0.3 and 2.4), implying the dominance of algal-derived OM in Bhimtal sediments. These sediments also indicate low (1.6-5.0) CPI values, which are indicative of OM derived from aquatic sources (Rieley et al. 1991) . Presence of algal-derived compounds in these sediments is also evident based on the presence of diagnostic pigments such as echinenone and zeaxanthin (cyanobacteria) and lutein (chlorophytes).
Lacustrine productivity
Organic matter preserved in Lake Bhimtal sediments records changes in the watershed, and their impact on the lake, e.g. primary productivity and trophic state shifts associated with anthropogenic activities. The TOC accumulation rates quadrupled from 9 g m year -1 in surface sediments (3-1 cm; Fig. 3 ). The low TOC, total N, and PP values based on TOC in bottom sediments (35-30 cm) suggest that Lake Bhimtal was oligotrophic to mesotrophic during the early twentieth century, before the lake became eutrophic. Consistent with this, the P n-C 15,17,19 alkane concentrations during AD 1900 AD -1950 are low (0.60-0.62 lg mg -1 of TOC), and signify low PP and input of algal-derived OM. After the 1950s (25-20 cm), TOC, total N, and PP profiles co-vary and show a steady increase in the core. These geochemical trends reflect an increase in external input of nutrients, which increase primary productivity. Consistent with this, lipid extracts dominated by n-C 15,17,19 alkanes show an up-core increase and mirror the TOC and PP profiles (Figs. 3, 6 ). The external input of nutrients increases during the 1960s, and coincides with discharge of sewage and rapid urbanization in the catchment (Chakrapani 2002; Das 2005) .
Under eutrophic conditions, elevated productivity leaves OM enriched in 13 C (Schelske and Hodell 1995; Brenner et al. 1999; Routh et al. 2009 ). Hence, the steady up-core decrease in d
13 C values, despite the elevated productivity and eutrophic conditions in the younger sediments (above 25 cm), is surprising. Teranes and Bernasconi (2000) indicated that under eutrophic conditions, OM produced by methanotrophic bacteria results in 13 C-depleted values. Presence of these bacteria and methanogenesis in Lake Bhimtal sediments is, however, unknown. Contribution of isotopically depleted CO 2 as a result of fossil fuel burning and sewage input could perhaps result in the low d
13 C values (Schelske and Hodell 1995; Meyers and Teranes 2001) . It is likely multiple processes influence the d 13 C values in Lake Bhimtal, and the data are insufficient to identify the specific processes that determine such values.
The d 15 N values in Bhimtal sediments display a gradual up-core decline from 3.9 to -0.2 % near the surface (Fig. 5) . The low d
15 N values in these sediments suggest the presence of cyanobacteria, which tend to produce OM depleted in 15 N (Brenner et al. 1999; Routh et al. 2004 Routh et al. , 2009 Das et al. 2009 ). Typically, OM produced by cyanobacteria in eutrophic lakes has d
15 N values of -3 to 1 %, especially under conditions of high P-flux and N-limited conditions (Brenner et al. 1999; Talbot 2001) . In support, a recent study by Das (2005) indicated increases in P levels to 6.7 lg l -1 in Lake Bhimtal. It is likely the non-N 2 -fixing phytoplankton (d 15 N [ 2 %; Talbot 2001) also play a significant role, particularly in the deeper sediments (35-19 cm) , where 15 N is enriched. Evidently, the lake had a mixed phytoplankton community in the water column, which gradually changed to a system dominated by cyanobacteria as nutrient input increased after the 1960s (see below). The same trend is observed in other Kumaon lakes (Choudhary et al. 2009a, b) , indicating the impact of human-induced processes on phytoplankton in these remote mountain lakes.
Phytoplankton diversity
Total pigment concentrations in Lake Bhimtal sediments show an increase in surface sediments (7-1 cm, Fig. 7 ). This trend mirrors the distribution of TOC, N, and PP shifts (Fig. 3) , and is related to enhanced productivity in the lake as a consequence of humaninduced changes in the catchment. Chl a and Chl b occur throughout the core and show similar profiles (Fig. 7) . The low concentrations of Chl a and Chl b (0.15 lmol g -1 of TOC and 0.01 lmol g -1 of TOC, respectively) before AD 1930 (29 cm) are related to low productivity, which is consistent with the PP and stable isotope interpretation. The concentration of Chl a steadily increases in younger sediments (13-1 cm), and it implies increased productivity in recent years. In contrast, Chl b concentration shows greatest values around 30-29 cm. These pigments, however, are susceptible to diagenetic alteration (Leavitt 1993) , and hence their low concentration in earlier years may be related to the low stability of these compounds. Lutein, a marker for chlorophytes (Leavitt et al. 1989; Leavitt and Hodgson 2001) , is abundant during the 1930s, implying abundance of green algae in the water column. Lutein, however, practically disappears after AD 1961 (21-1 cm), except for a small resurgence around AD 1990. Because lutein is a relatively stable compound compared to other pigments (Leavitt 1993; Bianchi et al. 2000) , variation in its distribution signifies a distinct change in phytoplankton diversity in Lake Bhimtal.
Amongst the different carotenoids analyzed in Bhimtal sediments, the cyanobacteria-specific pigments, i.e. echinenone and zeaxanthin, indicate higher concentrations than lutein and b,b-carotene. The ratio between zeaxanthin and b,b-carotene represents a linear increase; this trend suggests an increase in cyanobacteria (Bianchi et al. 2000; Borgendahl and Westman 2007; Choudhary et al. 2009a, b) that started around AD 1960 (21 cm). Likewise, the high concentration and steady up-core increase of zeaxanthin and echinenone suggest a N 2 -limited environment, which favored cyanobacterial dominance over other species (Leavitt 1993; Bianchi et al. 2000) . The low concentration or near absence of echinenone in bottom sediments (37-29 cm) could be related to degradation because echinenone is unstable and degrades faster than zeaxanthin (Leavitt 1993; Bianchi et al. 2000) .
b,b-carotene, an indicator for algae and higher plants is absent in the bottom sediments (37-29 cm), but its concentration increases substantially from 25 cm and above. b,b-carotene is a stable pigment, and its absence in bottom sediments is probably unrelated to degradation processes (Bianchi et al. 2000; Leavitt and Hodgson 2001) , but is instead related to low productivity during the early twentieth century, as implied by other geochemical variables. Because input from terrestrial OM sources is low, as indicated by C/N, n-alkanes, and stable isotope evidence, the sharp increase in b,b-carotene concentration after AD 1950 (25-1 cm) is related to enhanced primary productivity, and growth of green algae in the water column.
Organic matter degradation
Once organic-rich sediments are deposited, C/N values experience very little change (Meyers and Teranes 2001) , and any variation in this ratio reflects a change in OM input rather than a diagenetic artifact (Kaushal and Binford 1999; Meyers 2003) . Exceptions to this norm, however, have been reported in recent studies (Lehmann et al. 2002; Gälman et al. 2008) . These studies conclude that most C and N loss occurs during the early stages of deposition, and thereafter, the loss is low. Below, we discuss OM degradation in Bhimtal sediments using elemental ratios, stable C and S isotopes, and biomarker trends.
The total S accumulation rate in Bhimtal sediments before AD 1960 (38-21 cm) is low (Fig. 3) . Sulfur accumulation increases after 21 cm and reaches a maximum at 17 cm, before there is a decline. It has been reported that bacterial sulfate reduction in eutrophic lakes can contribute to high S levels from anthropogenic activities (Putschew et al. 1995; Urban et al. 1999) . Hence, the elevated accumulation rate of S in recent years is probably related to anthropogenic activities. A similar trend occurs in Lake Nainital and the increase in S accumulation correlates with anthropogenic input from the catchment (Choudhary et al. 2009a ).
The C/S ratio is low (0.4-8.5) in the sediment intervals from 37-31 cm and 19-10 cm, which implies these sediments are reducing in nature. The low C/S ratio is likely related to greater sulfate reduction and accumulation of sulfide minerals. This is consistent with the SRI values, which describes the ratio between labile and refractory carbon in sediments (Lallier-Vergès et al. 1993) . High SRI values, in conjunction with low TOC accumulation rates, suggest greater availability of labile OM, whereas low SRIs with high TOC values are typical of recalcitrant OM. In Lake Bhimtal, sediments belonging to group X (sediment intervals extending from 37-31 cm and 19-10 cm; Fig. 4 ) indicate high SRI (1.3), but low TOC (0.8-1.5 %) values, implying the presence of labile OM. These sediment intervals have low d
34 S values in the sulfate and sulfide fractions (Fig. 5) . The d 34 S values can be interpreted in terms of microbial degradation and availability of labile OM (Choudhary et al. 2009a ). Supply of labile OM supports microbial sulfate reduction, and in the process, the whole sulfate fraction in this interval is probably consumed. Complete consumption of the sulfate pool results in less isotopic fractionation (Grossman and Desrocher 2001; Choudhary et al. 2009a ) and hence, d
34 S values appear to be similar in both the oxidized and reduced S fractions. Similarly, d
13 C enrichment of OM in these sediments indicates preferential loss of 12 C during microbial degradation of OM (Schelske and Hodell 1995; Brenner et al. 1999) . Consistent with this, samples from the sediment interval lying between 37 and 31 cm show a positive shift in d
13 C values, and suggest enhanced degradation of OM.
The C/S profile indicates two distinct peaks: (a) 27-21 cm, with C/S ratio increasing from 28 to 49, and (b) 10-1 cm, with C/S ratio increasing from 15 to 35 (Fig. 4) . The high C/S ratio in these sediments is unusual for freshwater systems (Berner and Raiswell 1984) , and results from the low accumulation of S compared to C. This condition develops when the availability of reactive OM decreases, resulting in selective preservation in sedimentary environments (Lallier-Vergès et al. 1997) . Hence, samples in group Y (Fig. 4) belonging to the sediment intervals 27-21 cm and 11-1 cm indicate SRI (1.0-1.2) with higher (1.7-3.3 %) TOC values; the results suggest more recalcitrant OM in these intervals (Lallier-Vergès et al. 1997) . This is consistent with the d (Grossman and Desrocher 2001) . Hence, less rapid OM consumption allows larger isotopic fractionation in sediments.
Comparison with other lakes in the Kumaon region
The systematic application of different physical and geochemical variables in ongoing studies on the Kumaon mountain lakes (Chakrapani 2002; Das 2005; Choudhary et al. 2009a Choudhary et al. , b, 2010 demonstrates their use in exploring the historical and environmental changes in these water bodies. Direct response to climate change is less perceptible, at least using the set of variables measured in this study. It is evident, however, that these mountain lakes have consistently and uniformly responded to anthropogenic activities in their catchments, resulting in deterioration of water and sediment quality. These changes are fairly well preserved in the sediment record, and highlight the utility of geochemical variables for reconstructing the paleoenvironment and trophic state in lake systems, in the absence of long-term water quality data. The Kumaon mountain lake studies indicate:
1. the vulnerability of these water bodies to external input of nutrients, 2. the closer the lakes are to the city limits, the higher is the environmental impact and stress on these lakes, following an approximate trend: Nainital [ Bhimtal [ Sattal C Naukuchiatal, 3. in-lake algal-derived OM is the primary source of organic carbon in these sediments. Input of terrestrial OM into these lakes, e.g. vascular plant matter brought by erosional processes or groundwater discharge, is limited, 4. diagenetic changes associated with microbial degradation have altered the distribution of TOC and stable isotopes and to some extent biomarkers, but these changes can be discerned, 5. increases in anthropogenic activities since the 1960s coincide with rapid urbanization. This change had a negative impact on the Kumaon lakes, 6. input of nutrients has steadily increased primary productivity in the water column. This modified the trophic state, which changed from oligotrophic/mesotrophic to eutrophic. This change in trophic state is preserved in OM deposited in the lake sediments, and 7. there has been an increase in cyanobacteria in all these lakes since the 1960s and they became the dominant species in the water column.
Direct impact of external nutrient inputs P and N, which changed primary productivity and trophic state in these mountain lakes, is most evident in Lakes Bhimtal and Sattal (Choudhary et al. 2009b) . Both lakes are remote and the impacts of anthropogenic activities are distinct and recognizable. In particular, the phytoplankton community shift in these lakes, as a response to external input of nutrients, and its long-term effect on lacustrine ecology, is an important concern. Although productivity increased over the last three decades in Lake Nainital, the lake was already eutrophic at the start of the twentieth century (Choudhary et al. 2009a) , the time span of our paleolimnological investigation. Consequences of long-term anoxia and toxic pollutants are evident in Lake Nainital, where several fish kills have been reported (Ali et al. 1999; Singh et al. 2001; Nagdali and Gupta 2002) . Whereas several remediation actions are in place to improve water quality in Lake Nainital, such measures need to be implemented in other anthropogenically impacted lakes in the Kumaon region.
Conclusions
Geochemical variables in Lake Bhimtal sediments indicate an increase in primary productivity as a result of a change in its trophic state, which correlates temporally with an increase in anthropogenic activities. Accumulation rates of C and N, and PP, increase steadily up-core. C/N ratios and dominance of P n-C 15,17,19 alkanes represent OM derived from algal sources, which is associated with enhanced primary productivity. Occurrence of zeaxanthin and echinenone indicate the presence of cyanobacteria, which gradually became the dominant species in the water column after the 1960s, signifying a change in the lake's trophic state. The d
13
C values are relatively low in surface sediments and these changes may be due to in-lake processes or external inputs from the lake's catchment. The up-core decrease in d
15
N values signifies an increase in N 2 -fixation by cyanobacteria, which is typical of productive lakes. The C/S ratio and S isotope data represent OM degradation, and SRI indicates the role of OM lability and microbial processes. Finally, it is evident from this study that in the absence of instrumental records, multiple geochemical variables can be applied to sediment cores from lake systems that have undergone changes in OM input and anthropogenic activities in the catchment, to reconstruct their paleoenvironmental history.
